Nanophase powders of Si, C, and SiC with narrow size distributions are synthesized by dissociating reactants in a dc arc plasma and quenching the hot gases in a subsonic nozzle expansion. The plasma is characterized by calorimetric energy balances and the powders by on-line aerosol measurement techniques and conventional materials analysis. The measured nozzle quench rate is about 5 X 106 K/s. The generated particles have number mean diameters of about 10 nm or less, with Si forming relatively dense, coalesced particles, while SiC forms highly aggregated particles. Our data suggest that SiC particle formation is initiated by the nucleation of small silicon particles.
I. INTRODUCTION
There is at present considerable interest in materials having a structure with grain sizes in the range of several nanometers to several tens of nanometers. Such nanophase or nanostructured materials have been found to exhibit properties markedly different from those for the same materials with larger grain sizes.1-2 Examples of these properties include improved hardness,3 ductility,4 reactivity,56 and intriguing optical and electronic properties.7 Recent reviews1'2 have stressed the need for new capabilities for large-scale synthesis and characterization of these materials. Nanostructured materials may be produced either in an already consolidated form, say by rapid quenching of a melt,8 or by compacting powders prepared using several different methods. These include colloidal precipitation,5-7 mechanical attrition,9 and a host of gas-phase or aerosol processes,10 the latter appearing to be fundamentally the most flexible method at present. Aerosol processes typically involve nucleation and growth of nanosize particles from a supersaturated (or supercooled) vapor obtained either by evaporation of bulk material, or by chemical reaction of gasphase precursors. Among some of the techniques that fall into this category are inert gas condensation,1112 flame synthesis,13 thermal plasma synthesis,14"16 and laser pyrolysis.17 When configured as continuous flow reactors, the gas-phase processes have the advantage of being relatively simple to scale up for high-rate production.
In a thermal plasma process, particles are synthesized by injecting reactants into the plasma at high temperatures, followed by rapid quenching of the hot a)Currently at Trinity Consultants, Inc., Overland Park, Kansas 66210.
reacting gases. The rapid cooling eventually leads to the nucleation of one or more condensible species at sufficiently low temperatures. Thermal plasma synthesis has been an effective method of generating ultrafine particles for several reasons. 16 First, the very high temperatures present in a thermal plasma reactor facilitate virtually complete dissociation of injected reactants and fast reaction kinetics, thus permitting considerable chemical flexibility in the choice of both reactants and end products. Second, the high energy density in a thermal plasma enables high volume production with relatively compact reactors. Finally, the high quench rate possible with a plasma process allows for high levels of supersaturation needed for production of nanosize particles,18 as well as the possibility of synthesizing interesting metastable phases. In consideration of the above, plasma synthesis appears to be a promising route for the generation of high-temperature nanophase materials (e.g., carbides, nitrides, and borides) that are typically difficult to produce using alternative methods. It should be noted, however, that in comparison to other high-temperature synthesis methods, plasma reactors are perhaps more severely affected by cold boundary layers and nonuniformities in processing conditions, which in turn have a negative effect on product quality. Nevertheless, the several advantages of thermal plasma processes have been utilized by a number of investigators to generate submicron powders of a wide variety of materials. 19 Of prime importance in any powder synthesis technique is control over particle size, composition, and morphology. In order to produce particles of uniform size and composition in a flow reactor, it is necessary that all condensing vapor "parcels" have similar velocity, concentration, and temperature histories.20 Such conditions would have been difficult to obtain in most previous plasma synthesis investigations, in which the plasmagenerated vapors were typically quenched by mixing the hot reacting gases with cold inert gas. 16 Although very high quench rates can be achieved in this way, the quench process is highly nonuniform, leading to relatively large variations in particle nucleation rates and size distributions. This nonuniformity also makes experimental characterization of quench conditions difficult.
To address this issue, we have developed a plasma process in which the effects of nonuniformities are minimized by subsonic expansion of the plasma through a ceramic-lined nozzle. The expansion provides a means for controlled, gas-dynamic quenching of the plasma, which cools rapidly as it is accelerated through the converging nozzle. The hot ceramic nozzle walls minimize boundary layer effects (and also wall condensation), thus allowing us to approach the configuration of one-dimensional flow with one-dimensional temperature gradients in the flow direction. This results in a highly uniform quench rate that is relatively simple to measure experimentally. For a given nozzle shape, the temperature trajectory of the cooling plasma may be controlled by suitably adjusting operating parameters such as torch power, flow rate, and nozzle discharge pressure. The temperature drop across the nozzle may then be arranged to encompass the range where particles of a given substance are expected to nucleate. In summary, the nozzle expansion scheme provides a well-characterized environment for particle nucleation and growth while preserving the scalability of the plasma process. Control over the quench conditions is clearly superior to that obtained with the addition of cold dilution gas. 16 We have used a dc arc plasma torch provided with an expansion nozzle to generate nanosize powders of silicon, carbon, and silicon carbide, all of which are industrially important materials with many potential applications. The powders were characterized by transmission electron microscopy (TEM) and x-ray diffraction. In addition, we have also used on-line aerosol instrumentation to determine size distributions of suspended particles soon after they nucleate. A major rationale for our choice of materials, aside from their practical importance, has been that silicon carbide is a prototype example of a ceramic for which the mechanisms of particle formation from the gas phase are not well understood. By comparing particle size distributions for our chosen materials, we may be able to derive conclusions concerning the mechanisms for the formation of this important compound. Another key element of this work has been to explore the utility of aerosol instrumentation for rapid particle diagnostics, with obvious implications for process development and control. Powder synthesis studies have traditionally relied on off-line analysis methods such as thermogravimetric, BET adsorption, electron microscopy, and diffraction analysis. There have been a few attempts to complement these techniques with more rapid, on-line "aerosol" measurements such as laser light scattering and extinction. 17 While the laser probe technique is nonintrusive, the results are difficult to interpret because of multiple scattering as well as uncertainties in the optical properties of the product powders. In contrast, the particle measurement approach presented here is more intrusive, but is able to provide high resolution measurement for particle sizes down to 3 nm as well as additional information on particle morphology.
II. EXPERIMENTAL APPARATUS
The experimental facility used in this study has been described in detail elsewhere 21 and is only briefly reviewed here. A few enhancements to the previous system are described in greater detail. The test facility consists of the dc arc plasma reactor together with associated subsystems for electrical power, gas handling, water cooling, data acquisition, and various safety and environmental features such as a gas cabinet, gas leak detectors, self-scrubbing pumps, and a flare for the exhaust gases. We describe the plasma reactor and the diagnostics systems for plasma and particle characterization in the sections below.
A. Plasma reactor
The plasma reactor, shown schematically in Fig. 1 of a dc arc torch to which is attached a ceramic-lined channel for reactant injection, followed by a ceramiclined converging nozzle. All three reactor components, i.e., torch, injection ring, and nozzle, are cooled using separate water-cooling circuits. Gas phase reactants (CH4 and SiCl4) are injected into the plasma through specially drilled holes in the injection ring. The flow rates for the plasma gases (Ar and H2) and for CH4 are controlled by thermal mass flow controllers. The SiCl4 vapor is introduced in heated lines using a pressure-based vaporsource mass flow controller. The nozzle discharges into a large water-cooled diagnostics chamber which is maintained at about 400 Torr by means of a self-scrubbing, liquid-ring vacuum pump. The particles and gaseous HC1 in the exhaust flow are scrubbed by the water in the pump, and the remaining hydrogen and methane is flared off into a fume hood. An 80 kW power supply and an associated control unit complete the reactor setup. Additional instrumentation has also been provided for monitoring reactor operating conditions. The pressures in the diagnostics chamber and injection ring are measured with capacitance manometers. The arc voltage is measured using a voltmeter and the current using a shunt resistance. The separate water-cooling circuits for plasma torch, injection ring, and nozzle are instrumented with rotameters and thermocouples, thus allowing the heat rejected by each reactor component to be measured. The output of all instrumentation is sequentially acquired by a computer controlled data acquisition system.
The experimental procedure involves first pumping down the reactor and purging the system with argon in order to displace any residual air. The plasma torch is started using a high frequency arc starter, and the desired process conditions (Ar and H2 flowrates, arc current, chamber pressure) are set. The SiCl4 line heater is turned on to assure that the SiCl4 is fully vaporized before it reaches the flow meter. After stable torch operation is attained, the reactant flow rates are set and measurements are initiated.
B. Plasma diagnostics system
The plasma conditions in the injection ring and nozzle are characterized using calorimetric measurements of heat rejected by the different reactor components. The heat losses are determined by measuring cooling water flow rates to the torch, injection ring, and nozzle, and the respective cooling water temperature rises. The average enthalpies of the gas exiting each of the reactor components may then be determined by subtracting the heat rejected by all upstream components at that axial location from the electrical energy input into the plasma gas, and dividing by the plasma gas flow rate. The crosssection average values obtained by this method compare reasonably well with enthalpy probe measurements of enthalpy and velocity profiles at the nozzle exit presented elsewhere. 21 These measurements confirmed our expectation that the use of the nozzle would result in fairly uniform temperature and velocity profiles in the quench region.
The inference of temperatures from enthalpy data requires the chemical composition of the plasma at various axial locations to be known. The reactants, silicon tetrachloride and methane, comprise typically less than 1% of the total volumetric flow rate, and their contribution to the average molar enthalpy of the mixture may be neglected. When synthesizing carbon nanoparticles, the plasma gas consists only of argon, and deviations from equilibrium are estimated to be minimal for the flow and temperature regime in the nozzle. The conversion of enthalpy measurements to temperature for this case is straightforward. For the synthesis of either silicon or silicon carbide powders, the plasma gas consists of 30 slm of argon and 7.5 slm of hydrogen. In this case, the conversion of enthalpy to temperature requires knowledge of the degree of hydrogen dissociation at the measurement location. For our conditions, strong deviations from equilibrium are expected in the nozzle and an accurate determination of gas composition would require an analysis of hydrogen kinetics, including wall recombination. Work on such a model is currently underway. For the present, we report temperatures assuming equilibrium compositions in all cases. The actual nozzle exit temperature for the case of silicon carbide synthesis is expected to be lower than reported.
C. Particle diagnostics system
A combination of on-line aerosol measurement techniques and conventional materials analysis methods is used to characterize particle size distributions, composition, and morphology. As shown in Fig. 2 , particles in the aerosol stream exiting the nozzle are sampled by a two-stage ejection diluter probe capable of motion along the jet axis. Dry filtered argon at 60 psi is used to drive the dilution probe, which consists of a sampling capillary coupled to two ejectors operated in series. The high concentration aerosol sample extracted by the probe is diluted by a factor estimated to be about 1000, based on room temperature flow calibrations which were extended to elevated temperatures using a model for capillary flow. The dilution freezes the aerosol size distribution before it is characterized by the two ultrafine aerosol instruments described below, namely, the scanning electrical mobility spectrometer (SEMS)22 and the hypersonic impactor. 23 The SEMS is used for high-resolution, near realtime measurement of aerosol size distributions in the range 3-100 nm. It consists of a differential mobility analyzer24 (DMA) in series with an ultranne condensation particle counter (UCPC). 25 The DMA is an electrostatic drift tube that separates charged particles on the basis of their electrical mobility, and allows only those particles within a narrow mobility window to pass. Particles entering the DMA are charged by bipolar ion attachment to a known charge distribution (i.e., a near Boltzmann equilibrium distribution) using a 210Po a-radiation source. The classified particles exiting the DMA are counted by the UCPC, where particles in the sample stream are grown by controlled butanol condensation to about 10 /mm and then detected by laser light scattering. For accurately inverting SEMS data to obtain actual particle size distributions, it is necessary that the size-dependent particle charging probabilities, UCPC counting efficiency, and particle diffusion losses in the sampling line and DMA be known. In this work, suitable particle charging models,26 DMA loss models,27 and UCPC counting efficiency curves28 are used for the data inversion. The SEMS is operated in a computercontrolled scanning mode, and about two minutes are needed for a single scan over the particle size range of interest.
The hypersonic impactor23 is used primarily for collection of representative particle samples for electron microscopy. In this device the sampled aerosol is expanded supersonically through a small orifice of diameter dn = 340 /jum, and the resulting particle-laden hypersonic free jet impinges against a deposition substrate. Particles accelerated in the free jet undergo a sudden deceleration in the bow shock that forms immediately ahead of the collection surface. This results in the separation of particles on the basis of their inertia; i.e., those larger than a certain critical aerodynamic size Da impact onto the surface while those smaller remain in suspension. The transition is sharp, and the cutoff diameter Da may be varied by suitably changing flow and/or geometric parameters (such as the nozzle to collector distance L, and the pressure ratio across the orifice). 23 The combination of high velocities and low gas densities possible with this arrangement allows efficient and representative collection of particles even in the nanometer size range. The deposition substrates are formvar/carbon-coated copper grids used for transmission electron microscopy (TEM). For our operating conditions (L/dn ~ 4, pressure ratio ~390), particles having diameters larger than about 6 nm are inertially deposited for later microscopy and other analysis. The hypersonic impactor can also serve as a sensitive particle mass spectrometer when used in combination with a DMA. [29] [30] In this configuration, shown in Fig. 3 , the DMA selects particles of a given size, which are then analyzed by the impactor. The impactor is operated in a scanning mode, by continuously varying the nozzle to collector distance L in order to scan over a range of cut sizes Da{L). (The relationship between Da and L for the impactor is previously established using DMA generated monodisperse calibration aerosols. The calibration procedure is essentially the same as that used in Ref. 23 .) When the DMA-selected particles, all of which are charged, begin to impact at a certain value of L, the transition is detected by measuring the current of impacting particles with a faraday cup-electrometer system. 23 The DMA classifies particles according to their mobility. In contrast, the impactor measures the particle aerodynamic size, which is proportional to the product of particle mass and mobility. The combined measurement is thus equivalent to determining a particle mass. However, rather than use particle mass, it is more convenient to present measurements in terms of an effective particle density which is defined as the ratio of particle mass to particle volume based on the mobility diameter. 29 The measured particle effective density equals the theoretical bulk density only in the case of nonporous spheres. For a more general case, the effective particle density deviates from the theoretical bulk density by a factor accounting for nonspherical particle shape and porosity. (Significant deviation from bulk density may also occur for polycrystalline materials having a large fraction of atoms tied up in grain boundaries and other defects. This effect may be treated in a manner similar to that due to porosity.) The DMA-impactor combination thus permits on-line characterization of particle morphology, and has recently been used for in-flight fractal analysis of aggregates. 31 We believe that the particle diagnostics used in this work represent a significant advance over previous attempts at characterizing particles synthesized in plasma processes for the following two reasons. First, the particles sampled by this system are attributable to a spatially resolved location in the reactor, in contrast to most previous plasma synthesis studies, which have largely relied on examining particles scraped off walls or filters. Size distributions obtained by the latter technique may not be representative of particles produced in the reactor since particle deposition may be size dependent and agglomeration can occur on the collection surface. Second, the aerosol techniques are clearly superior in terms of measurement speed and resolution in comparison to traditional off-line particle characterization methods.
III. RESULTS AND DISCUSSION
In this section, we present representative experimental results obtained for the synthesis of silicon, carbon, and silicon carbide nanoparticles. Silicon particles were produced by injecting SiCl4 alone in the presence of hydrogen. Carbon particles were synthesized by using CH4 alone in the absence of hydrogen, since excess hydrogen favors the formation of hydrocarbons instead of elemental carbon. Silicon carbide powders were generated using both reactants in the presence of hydrogen. Typical operating conditions are listed in Table I . Results from the plasma and particle characterization measurements are discussed below.
A. Plasma characterization
Average temperature at specific axial locations (i.e., torch exit, injection-ring exit, and nozzle exit) derived Table II for the range of values covered by the various experimental parameters. It should be noted that the plasma conditions were not significantly affected by injection of reactants, due to their small concentrations (~1 % of total flow). The first set of data above corresponds to conditions under which carbon is synthesized, while the second set refers to the synthesis of both silicon and silicon carbide. The data listed for the latter case (i.e., for the hydrogenargon mixture) contain both the enthalpy values and the corresponding equilibrium temperature values. Because of the likelihood of partially frozen flow conditions in the nozzle, the actual exit temperature is estimated roughly to be lower by several hundred K. Further work is underway to more accurately determine the nozzle exit temperature under these conditions.
For cases with only SiCl4 reactant injection, an equilibrium gas composition calculation (Fig. 4) shows that the temperatures in the reactant injection zone are sufficiently high (T ~ 3700-4600 K) to completely decompose SiCl4, leaving most of the silicon in vapor form. If such a gas mixture were to be quenched at a sufficiently high rate, it should be possible to condense out the silicon with a reasonably high yield. From the temperature and velocity data at the nozzle inlet and exit it is clear that the average nozzle quench rate for our conditions is quite high (~ 5 X 106 K/s), and the temperature at which we would expect nucleation to occur is close to the nozzle exit. Figure 5 is an example of the measurements possible with the SEMS, and shows particle size distributions measured on three separate occasions for the case of silicon synthesis. All measurements correspond to a location 125 mm downstream from the nozzle, and represent the number density distribution function, dN/d log 10 D p , for the diluted aerosol sample as a function of particle size D p . The reproducibility of the SEMS measurements is seen to be quite good, considering normal fluctuations in operating conditions such as arc voltage, injection ring pressure, and reactant flow rates. Figure 6 shows representative size distributions for all our synthesized materials, i.e., silicon, carbon, and silicon carbide. 21 The reactant flow rates were 0.05 slm SiCl 4 (for silicon and silicon carbide powders) and 0.2 slm CH 4 (for carbon and silicon carbide powders). Also shown in this figure are background distributions obtained for runs where no particle production was expected. These include runs with no reactant injection, labeled "Background", and runs for which methane was injected in the presence of excess hydrogen (7.5 slm), labeled "Background (CH 4 + H 2 )".
B. Aerosol size distributions
The measured size distributions in Fig. 6 indicate that our product powders are well into the nanosize range regime (<100 nm), with Si and SiC particles typically having well-defined peaks in the 10 nm size range. For both these materials, the median diameter is about 8.5 nm and about 90% of the detected particles are smaller than about 16 nm. In comparison, the carbon particles have a broader size distribution with no visible peak in the detectable size range. While 90% of the detected carbon particles are smaller than about 15 nm, the trend of the data suggests that a significant fraction of the particles is below the detection limit of our instrument.
The size distribution data for silicon and silicon carbide are well approximated by a log-normal distribution with a number-mean diameter of 8.8 nm and a geometric standard deviation of 1.6. These size distributions are 100 similar to those seen in some of the earlier studies on inert-gas-condensation of metal nanoparticles." Interestingly, the present size distributions (for Si and SiC) are much narrower than those measured earlier for ultrafine iron powders produced using a radio-frequency thermal plasma without a nozzle expansion. 15 In that study, iron particle size distributions were found to have geometrical standard deviations ranging from 2 to 6. This result confirms the expectation that the nozzle expansion, by creating a quasi-one-dimensional flow, should produce particles which are not only smaller (because of high quench rates) but also more monodisperse than in traditional plasma synthesis. Finally, the remarkable similarity of the results for silicon and silicon carbide (in contrast to those for carbon) suggests that silicon carbide particle formation under our conditions may be initiated by nucleation if silicon particles. This hypothesis is also consistent with our microscopy results and is discussed in Sec. III. F. Figure 7 shows some measurements of effective particle density made with our DMA-hypersonic impactor spectrometry technique. Here the particle effective density is plotted as a function of particle mobility diameter, as measured by the DMA. Note that the measured effective density will equal the theoretical bulk density only for spherical particles without voids, whereas particles with nonspherical shapes and/or porous microstructure will have measured effective densities smaller than the theoretical bulk value. The particle effective density is thus a useful (and perhaps quantitative) indicator of particle morphology, allowing us to differentiate between, say, compact (dense) particles and those with a more "fluffy" agglomerated structure.
C. Particle effective density measurements
Four sets of data are shown in Fig. 7 , two of which are for laboratory generated monodisperse calibration aerosols (suspensions of di-octyl sebecate, i.e., DOS oil droplets and NaCl cubes in air and argon). The calibration aerosols are generated by nebulizing dilute solutions of DOS or NaCl, drying the resulting spray, and selecting particles of a given size using a DMA. 23 The DOS measurements are used to calibrate the instrument, since for these spherical oil droplets the effective density is the same as the bulk density. The data for NaCl cubes provide a check for our effective density measurement technique. From aerodynamic drag theory for cubes in free-molecular flow,32 the effective density measured by our instrument for cube-shaped NaCl particles is expected to be 1.6 gm/cm3, significantly smaller than the bulk density of 2.2 g/cm3. In Fig. 7 , the agreement between the experimental data (square symbols) and theory (solid line) for NaCl is quite good, justifying our confidence in this method for determining effective particle density. Also shown in the figure are data for Si and SiC particles generated in the reactor under typical operating conditions. Silicon has a bulk density of 2.3, close to that of NaCl, but the measured effective density for Si particles is somewhat lower than that for NaCl cubes, and decreases with increasing mobility size. This indicates that the particles may have geometrically irregular shapes, with some aggregation. More interesting are the data for SiC, which has the highest theoretical bulk density (3.2), but whose effective density (-0.7) is the lowest of all the aerosols considered in the figure. This suggests that the SiC particles have a highly aggregated structure, as is confirmed by TEM analysis results in the next section.
D. Microscopy and x-ray diffraction results
The composition and morphology of the synthesized powders were studied using transmission electron microscopy and x-ray diffraction. Samples for x-ray diffraction (XRD) analysis were obtained by scraping powders from the nozzle inside walls, chamber walls, and from a steel collection plate placed perpendicular to the plasma jet about 185 mm downstream of the nozzle. Samples for TEM and electron diffraction analysis were deposited onto microscope grids by hypersonic impaction. These samples were obtained from the same capillary probe and for the same runs as the SEMS data, and the lower limit on particle size for collection by the impactor is approximately equal to the lower limit on the SEMS sensitivity. Thus the two measurements provide complementary information for some experimental runs. The samples were stored in sealed filter containers and were usually analyzed within a few days of synthesis. Since the powders were collected and stored under an air environment, some degree of oxidation is expected. 33 Figures 8 and 9 show XRD patterns for powders synthesized with CH4/SiCl4 molar injection ratios of 0 and 4, respectively. In both figures, pattern (a) represents powders removed from the steel collector plate while pattern (b) represents nozzle wall scrapings. Powders collected from the chamber wall had patterns similar to those of the collector plate scrapings. The peaks in patterns 8(a) and 8(b) match those for polycrystalline silicon and presumably represent multicrystal (i.e., agglomerated) silicon particles. The presence of some amorphous material in the collector plate scrapings 8(a) is also indicated, the reason for which is not fully understood. One possibility is that the amorphous material results from silicon oxidation33 upon exposure to room air. In nanosize particles of polycrystalline silicon, grain boundaries occupy a significant fraction of the particle volume and provide a path for rapid diffusion of impurities such as oxygen or hydrogen. It is thus likely that the ultrafine powders from the collector plate are more susceptible to oxidation in comparison to the coarse-grained nozzle scrapings. On the other hand, it is also possible that a significant degree of amorphous solidification occurs in our process, because silicon droplets are nucleated under conditions favorable for amorphous solidification, such as high cooling rates (>106 K/s) and a small droplet sizes (<10nm). 34 In that case, it is also likely that the silicon powders are hydrogenated due to the hydrogen-rich atmosphere. 35 For the case of the runs with methane added, the XRD patterns [Figs. 9(a) and 9(b)] show predominantly SiC peaks [shown as vertical bars in Fig. 9(a) ], though with significant amounts of free silicon in the collector plate sample [ Fig. 9(a) ]. These latter particles are incompletely carburized, having a much smaller residence time in the nozzle compared to the powders deposited in the nozzle wall, which are exposed to the carbon-rich atmosphere for a far longer time. This explanation is consistent with the proposed SiC formation mechanism discussed later. The sample in Fig. 9(a) also shows the presence of amorphous material. For this sample, FTIR analysis indicated the presence of lightly hydrogenated silicon and silicon dioxide. It is thus likely that both oxidation and amorphous solidification contribute to the formation of amorphous materials in our samples. Figure 10 shows TEM micrographs and corresponding electron diffraction patterns for representative samples of silicon and silicon carbide collected by the hypersonic impactor. These were obtained during the same runs for which the SEMS size distributions are shown in Fig. 6 . Isolated particles as small as about 5 nm in diameter are clearly visible, and it can generally be stated that the sizes of primary particles are consistent with the SEMS data. Agglomerates are also clearly present. The electron diffraction patterns shown were obtained from the largest agglomerates seen in each of the micrographs. These diffraction patterns are attributable to polycrystalline silicon (on the left) and to /3-phase silicon carbide (on the right). We also found cases in which the electron diffraction patterns indicated amorphous material. Again, it is not known whether these results represent particles that arrived at the impactor in an amorphous state, or particles that were oxidized after deposition. Some of the silicon powder samples were also analyzed for the presence of possible contaminants such as tungsten (from the cathode), boron (from the nozzle liner), and chlorine. Energy dispersive x-ray (EDX) analysis with a windowless detector indicated small amounts of chlorine (<1%) but no boron or tungsten.
It is evident from Fig. 10 that the silicon carbide agglomerates have a distinctly different morphology from those of silicon, even though the sizes of isolated particles are about the same. The silicon agglomerates appear to be more compact, showing a coalescencetype behavior, whereas the silicon carbide aggregates more clearly retain the primary particle size, with these primary particles joined together, perhaps by sintering. Note that the SEMS measures a mobility-equivalent diameter, and thus provides no explicit information about particle morphology.
To explore further the difference in agglomeration behavior between silicon and silicon carbide, we ran experiments in which the methane flow rate was systematically varied while keeping all other parameters, including the silicon tetrachloride flow rate, constant. The TEM micrographs in Fig. 11 show the result of this experiment. The top micrograph shows silicon particles (a case with zero methane injection), the bottom micrograph shows silicon carbide (a case with enough methane injected to completely convert the silicon to SiC), and the middle micrograph shows an intermediate case in which methane was injected but in insufficient quantity to produce stoichiometric SiC. The morphology of agglomerates seen in the middle micrograph does indeed show an intermediate case, with evidence of both particle coalescence and of aggregates of primary particles. The difference in morphology for Si and SiC particles is thus consistent with the particle effective density measurements of the previous section.
An important uncertainty regarding the microscopic analyses is the question of whether agglomerates seen in the micrographs were formed in the aerosol phase or whether they simply reflect agglomeration on the impactor substrate itself. This question is almost always overlooked, and is of considerable significance in formulating a correct model of particle agglomeration. A partial assessment of this question can be obtained by varying the hypersonic impactor exposure time. We controlled the exposure time experimentally by opening and closing the valve that directs flow from the dilution system to the hypersonic impactor. Figure 12 shows a typical result for silicon carbide particles, in which samples were collected with exposure times of either 5 or 15 s. This comparison makes it obvious that considerable aggregation occurs as particles pile on top of each other on the impactor substrate. Such artifacts are probably not unique to our impaction collection method, and very likely occur on most situations involving deposition of particles on a substrate for microscopic analysis. In our case, however, careful inspection of the 5-s micrograph together with particle density measurements leads one to conclude that significant aggregation does occur in the aerosol phase for SiC.
E. Particle morphology and coagulation/sintering kinetics
High-temperature powder synthesis in flames and plasmas often results in particles having an agglomerated structure, as is found for Si and SiC in our work. Particles that are nucleated at high temperatures subsequently undergo coagulation (i.e., collision) growth and simultaneous cooling downstream of the reactor. Particles undergoing collisions also coalesce (i.e., sinter) at a rate that is highly temperature dependent. In a cooling aerosol, aggregates begin to form when sintering rates become small in comparison to collision rates. Recent modeling work36-37 has shown that the agglomeration behavior is determined by a parameter a which is defined as follows, where the quantities Df and Dc are based on a characteristic cooling time TC, denned as
where To is the initial temperature and (3 is the cooling rate of the coagulating aerosol. Dc is the particle size that an aerosol undergoing coagulation with instantaneous coalescence would grow to over a time TC, while the fusion length Df may be thought of as the largest particle size for which significant sintering occurs within that time. Df may be calculated as follows37: where T)s is the surface diffusivity, y the surface tension, "Vi the molecular volume, k Boltzman's constant, and b the surface layer thickness, assumed to be on the order of the intermolecular distance. Aerosols with a large value of the sintering parameter (a > 1) undergo complete coalescence, whereas agglomeration growth is sintering-limited when a < 1.
The collision-sintering model provides a partial explanation for the different morphologies observed for our Si and SiC powders. The difference is essentially due to slower sintering of SiC in comparison to Si, as demonstrated below. The aerosol emerging from the nozzle forms a turbulent jet with a cooling rate estimated to be about 106 K/s, based on available data for the temperature decay of hot turbulent jets.38 For liquid silicon droplets, sintering is practically instantaneous in comparison to the collision rates. Once the particles solidify, however, sintering proceeds via a much slower solid state diffusion process. There is considerable evidence that in our temperature regime, the relevant sintering mechanism for our covalently bonded materials is surface diffusion.39'40 Using available data for Si surface diffusion41 and average surface energy,42 Df is calculated to be about 110 nm, and Dc is estimated to be 6 nm based on an isothermal turbulent jet coagulation model,43 close enough to actually measured mean particle sizes. Thus a ~ 18 for the Si agglomeration, which is indicative of a coalescence type behavior as is indeed experimentally observed. For SiC, the surface diffusivity was observed to be much smaller than that of Si,41 although no quantitative data are available. For the next best estimate, grain boundary diffusion data44 may be used, and in any case the two mechanisms are difficult to distinguish experimentally. 40 Based on this, a ~ 0.3 for SiC and one may reasonably conclude that SiC should display an agglomeration behavior in the sintering-limited regime. This analysis explains the observed qualitative difference between the coagulation behavior of Si and SiC. A more accurate quantitative sintering model for nanosize particles must also account for their size-dependent properties, such as lowered melting points45 and enhanced solid state diffusivities.1
F. Mechanism for formation of silicon carbide particles
It was noted in Sec. III. B that silicon and silicon carbide particle size distributions were remarkably similar for similar processing conditions (the only difference being that methane was added for the case of silicon carbide synthesis). Also, under the same plasma conditions with only methane injection, virtually no particle formation was observed. Furthermore, the TEM and x-ray diffraction results indicate that except at very high levels of excess methane, some free silicon is always present in the silicon carbide powders. These results are consistent with the hypothesis that silicon particle nucleation is the first step in silicon carbide particle formation. A similar conclusion was reached (at least partially) in a previous study on silicon carbide production in an arc plasma. 46 A numerical model of silicon powder synthesis in our reactor presented elsewhere25 indicates that the nozzle quench nucleates a high concentration of extremely small (~2 nm) silicon particles in the nozzle. These small particles grow by coagulation and sintering into larger particles before being sampled. In the case of silicon carbide synthesis, the nucleated silicon particles would provide a large surface area for heterogeneous chemical reactions to occur, together with fairly rapid diffusion of carbon into the volume of the particle: for a 2-nm-diameter silicon particle, the central atom is located only about 3 atoms from the surface. Since the incorporation of carbon into silicon to form silicon carbide occurs with only a small (~3%) increase in molar volume, no significant differences in size distributions for Si and SiC will be detected by the SEMS. For the short residence times available for the carburization process (~ 1 ms), a considerable amount of excess methane may be needed to obtain stoichiometric silicon carbide. Insufficient amounts of hydrocarbon species would lead to incomplete carburization, consistent with the observation of significant amounts of free silicon in our silicon carbide powders formed at lower methane injection rates.
IV. CONCLUSIONS
This work demonstrates that the nozzle expanded plasma synthesis process is capable of generating nanosize powders with narrow size distributions with good reproducibility. This capability is largely due to the high and radially uniform cooling rates (~106 K/s) possible with the gas-dynamic quench approach. The generated powders have been characterized using a combination of aerosol techniques and conventional materials analysis. We have shown that the aerosol methods are useful for rapidly obtaining information about particle size and morphology.
Our measurements show that Si and SiC particles both have near log-normal size distributions with median diameters about 9 nm, and geometric standard deviations of about 1.6. The size distribution for carbon particles appeared to have a peak below the detection limit of our instrumentation (3 nm). The similarity of the distributions for Si and SiC together with results from diffraction analysis indicate that under our conditions, SiC particles are formed by nucleation of small silicon particles which are subsequently carburized in the carbon-rich atmosphere. We also observe qualitatively different agglomeration behavior for Si and SiC particles, with silicon forming compact, relatively dense fused particles, while silicon carbide forms aggregates with relatively small effective densities.
